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Plant-herbivore interactions are the most common macroscopic interactions on the 
planet and are an important mechanism for maintaining species coexistence. Tropical 
young leaves are under higher and more constant herbivore pressure than their temperate 
zone counterparts. Therefore tropical leaves are predicted to invest in constitutive 
defenses (always expressed) over induced defenses (expressed only when herbivores are 
present). However, there is little empirical evidence to support this hypothesis. In 
addition, little is known about developmental changes in defense investment during 
tropical young leaf development regardless of herbivore presence. 
In this dissertation, I demonstrated that younger leaves are better defended than 
more mature leaves in four species of the Neotropical tree genus Inga. In addition to 
chemical defenses, Inga species produce nectar on their leaf surfaces to attract ants that in 
turn patrol the leaves and remove herbivores. Through natural observations and 
experimental nectar manipulation I demonstrated that plants with higher nectar 
production rates received more ant bodyguards. I then showed that investment in both ant 
defense and chemical defense were highest in the youngest leaves. While investment in 
both of these defenses continued during young leaf development, the relative investment 
per leaf tissue decreased significantly as leaves expanded. 
Through experimental manipulation of ant presence and herbivore presence I also 
demonstrated that tropical young leaves have a limited capacity to induce their defenses. I 
iv 
 
showed that plants can increase their nectar production but not their defense chemistry 
when ants are present. However, I showed that there was no change in nectar production 
and a very limited change in chemical defenses when herbivores were present. This 
evidence supports the hypothesis that tropical young leaves are primarily protected by 
constitutive defenses.  
This is the first report of tropical plants investing in constitutive rather than 
induced defenses,  and supports predictions of the induced resistance hypothesis that are 
rarely tested. Furthermore, divergent defenses among Inga species appear to be species 
level traits and not plastic responses. Thus, my results support the hypothesis that a 
diversity of antiherbivore defenses among plant species is an important mechanism in 
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Plant-herbivore interactions are the most common macroscopic interactions on the 
planet and are important in structuring communities and maintaining species coexistence 
(Schoonhoven et al. 2005, Becerra 2007, Kursar et al. 2009, Utsumi and Ohgushi 2009, 
Utsumi 2011). Not surprisingly, herbivores prefer plant tissue that is high in nitrogen, 
soft, and easily digested. However, the loss of these important nutrients and stored 
assimilated carbon comes at a fitness cost to plants. For example, herbivory is a 
positively correlated with tree mortality and negatively correlated with plant growth and 
seed production (Marquis 1984, Eichhorn et al. 2010). Therefore plants have developed 
several defense strategies. 
Plants invest in defenses to reduce tissue loss to herbivores, but ultimately the 
most effective defense is leaf toughness (Coley 1983, Lowman 1983). Toughness lowers 
the nutritional quality of leaf tissue by lowering the ratio of nutrients to fibrous, 
indigestible carbohydrates (Kursar and Coley 2003). In order to expand, young leaves are 
inherently soft and high in nitrogen. Consequently, they suffer the most damage (Coley 
1983, Coley and Aide 1991, Kursar and Coley 2003, Brunt et al. 2006). Phenological 
defenses minimize the exposure time of young leaves to herbivores by either growing 
quickly or growing when herbivores are less abundant (Kursar and Coley 2003). 
However, when leaves are young and the most susceptible to damage, plants invest in 
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direct and indirect defenses to reduce herbivore damage. Direct defenses, such as toxic 
secondary metabolites and physical barriers to herbivores (e.g., spines, hairs, trichomes), 
are produced by plants and directly affect herbivore performance. Indirect defenses are 
signals produced by the plant that attract predators of herbivores (Kost and Heil 2008). 
Because these defenses rely on other biotic agents they are often referred to as biotic 
defenses (Ness 2003).  
Facultative ant-plant mutualisms are one of the most common biotic defenses. In 
all ant-plant mutualisms, food rewards attract ants to patrol leaves and act as bodyguards 
(Bentley 1976, Bentley 1977). In obligate ant-plant mutualisms, plants provide 
specialized housing structures, specialized food rewards, and typically house one ant 
colony for a long period of time. In contrast, facultative ant-plants typically offer a 
generalized food reward (usually extrafloral nectar) and no specialized nesting structures. 
Consequently, facultative ant-plants have high turnover rates of ant species that are on the 
order of hours to days (Heil and McKey 2003). Roughly a third of tree species in tropical 
rain forests facultatively attract ant bodyguards whereas less than 10% of the trees have 
obligate ant partners (Coley and Aide 1991, Schupp and Feener 1991). Despite this, 
facultative ant-plants are less studied and consequently the host-plant dynamics are 
poorly understood. 
Because all defenses require a resource investment, plants are faced with the 
dilemma of investing in growth or defense (Herms and Mattson 1992). High investment 
in defense may result in reduced loss to herbivores but a low investment in reproduction 
and thus lower fitness. In contrast, high investment in growth may result in more 
assimilated carbon for reproduction, however, without protection the stored carbon can 
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be easily lost to herbivores.  The outcomes of these two investment strategies are context 
dependent and addressed by several hypotheses: Optimal Defense, Resource Availability, 
Carbon/Nutrient, and Induced Resistance (Rhoades 1979, Bryant et al. 1983, Coley et al. 
1985, Karban and Baldwin 1997). These hypotheses predict that plants balance their 
investments in growth and defense based on available resources, herbivore pressure, 
tissue value, and cost of defense. They all predict that plants will invest in the strategies 
that provide the highest return on their investment (Stamp 2003). 
Induced resistance is a cost-saving strategy in which defenses are only expressed 
in the presence of herbivores. Consequently, induced defenses are predicted to evolve 
when herbivory is variable (Karban and Baldwin 1997, Karban et al. 1999).  In contrast, 
constitutive defenses are continuously expressed regardless of herbivore presence 
(Karban and Baldwin 1997). Induced defenses are therefore more cost efficient because 
limited resources are only invested in defenses when they are needed. However, delays in 
the induction of a defense could result in herbivore damage and therefore constitutive 
defenses would be more adaptive if herbivory is invariable. Although many 
advancements have been made in our understanding of induced defenses, they are almost 
entirely from temperate or agricultural plants (Karban et al. 1997, Boege 2004).  
Tropical plants experience greater herbivore pressure and invest more in defenses 
than temperate plants (Coley and Aide 1991, Coley and Barone 1996). In particular, 
tropical young leaves, which are vulnerable for only a few weeks, are under the highest 
herbivore pressure and receive 70% of a leaf’s lifetime herbivore damage. Under such 
high, constant herbivore pressure, even a delay of one day to induce defenses could result 
in substantial damage. Furthermore, the probability of attack among young leaf flushes is 
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high and therefore would make constitutive defenses more adaptive. However, there are 
limited reports from tropical plants and many of those are from seasonal tropical forests 
where herbivore pressure is seasonally sporadic (Boege 2004, Massey et al. 2005). 
I have chosen to examine how these hypotheses of plant defense apply in a 
diverse Neotropical genus, Inga (Fabaceae), growing in Panama. Inga has over 300 
species and ranges from southern Mexico to Southern Brazil (Pennington 1997). The 
genus is one of the most species-rich and abundant tree genera in local communities 
(Kursar et al. 2009). The defense chemistry for the common species of Inga on Barro 
Colorado Island, Panama, is diverse and includes chemical, phenological, and biotic 
defenses (Koptur 1984, 1985, Coley et al. 2005, Kersch and Fonseca 2005, Lokvam and 
Kursar 2005, Brenes-Arguedas et al. 2006, Lokvam et al. 2006, Brenes-Arguedas et al. 
2008). Within the genus, there are species that have regular leaf expansion and species 
that have rapid leaf expansion where leaves spend very little time in the vulnerable young 
leaf state. Both fast- and slow-expanding species invest in defense chemistry and 
extrafloral nectar production. Chemical defenses among the closely related species within 
a community are more diverse than is expected by chance (Kursar et al. 2009). However 
it is not clear if this is due to selection by the local herbivore community or to plastic 
responses such as induced defenses. In addition, there is variation in ant visitation rates 
among Inga species (Brenes-Arguedas et al. 2008). The recent divergence and high 
diversity of defensive traits among closely related species of Inga species in a single 
tropical forest make it an ideal system for investigating the effects of environmental 
factors on defense expression. 
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In this thesis I address the following questions: 
1) Does variation in extrafloral nectar production affect ant visitation on the young 
leaves of Inga species? 
2) Do plants in the genus Inga invest in induced defenses to protect young leaves? 
3) How does investment among direct and indirect defenses change during young 
leaf development? 
In Chapter 2, I demonstrated the positive relationship between extrafloral nectar 
production by Inga species and ant bodyguards. In addition, I demonstrated the plasticity 
of extrafloral nectary production to biotic and abiotic factors. I established that nectar 
production is a species-level trait and that variation in nectar production among Inga 
species positively correlates with ant visitation.  In addition, using natural nectar 
production and artificial nectar rewards, I showed the positive relationship between 
investment in nectar production and ant visitation. I then demonstrated that nectar 
production can be induced by ant presence and when plants are grown in gaps. Because 
these are facultative partners and an individual plant’s ant defense is dependent on the 
local ant community, it is beneficial for the plants to respond to ant presence by 
increasing nectar production to attract more defenders. However, in the absence of ants, 
investing in nectar production may not only be a poor investment, but may also attract 
and feed herbivores.  Thus, investment in indirect defenses can be regulated by the plant 
and investments in these defenses attract more defenders. 
Chapter 3 showed that the direct chemical defenses in four Inga species were 
canalized species-level traits that are constitutively expressed. I examined three defensive 
secondary metabolites (phenolics, saponins, and tyrosine) and demonstrated that only 
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fast-expanding species could induce their chemical defenses in response to herbivore 
presence. However, with the exception of one unique chemical defense (tyrosine), the 
induced amount was limited to phenolics and was a small increase (20-25%). While other 
Fabaceae species can induce saponins (Agrell et al. 2003), they were not induced in Inga.  
Within the genus, the capacity to induce was negatively correlated with the probability of 
attack and with investment in constitutive defenses. Because the capacity to induce in the 
genus Inga was small compared to examples from temperate plants, it suggests a 
decreased investment in induced defenses in aseasonal tropical forests. 
In addition to the phenotypic responses of defensive chemistry, I examined the 
response of jasmonic acid (JA), an important damage signaling hormone, in response to 
herbivore damage. Jasmonic acid is upregulated when tissue is damaged and elicits 
upregulation of defenses (Koo and Howe 2009). My results demonstrated that JA did not 
significantly increase in plants that had been damaged. However, all four Inga species 
had a positive trend of increased JA when they were damaged. I explored potential 
reasons for the lack of a significant result and suggested that my experimental design was 
not appropriate to effectively quantify JA accumulation. Alternatively, the positive trend 
between JA and herbivore presence and the limited capacity to induce within the genus 
Inga suggests that Inga species sense damage through the JA pathway, but selection may 
have acted downstream of the JA pathway to block an induced response in young leaves.  
While young leaves did not change their chemistry or nectar production in 
response to herbivore presence, there was a large change in defense chemistry and nectar 
production during natural leaf development. In Chapter 4 I showed that there was 
continued investment in defenses during young leaf expansion but that the investment per 
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leaf tissue (mass or area) decreased as leaves expanded. Tyrosine was the only exception 
to this relationship. However, I speculated that tyrosine can be reallocated unlike the 
other defenses and therefore was regulated differently. Taken together, the large 
investment per leaf tissue in the youngest leaves, the high nitrogen content in the 
youngest leaves, and the large impact of tissue loss on the youngest leaves suggest that 
younger, smaller leaves have the highest potential value and are therefore protected more 
thoroughly. Furthermore, the lack of any trade-offs among the defenses suggests that 
young leaf tissue is the most valuable leaf stage and that multiple defenses may have an 
additive effect rather than a redundant effect when protecting valuable tissue against a 
diversity of herbivores. 
The ability of facultative ant-plants to respond to ant presence suggests that host-
plants are dynamic and can actively invest in ant defense based on the local ant 
community. In addition, this is the first report to examine induced direct and indirect 
defenses in a tropical forest and is one of only a few studies to report on trade-offs among 
defenses during young leaf expansion. Taken together these results indicate the 
importance of young leaf tissue. Furthermore, the results suggest that herbivory is 
sufficiently high and constant to make constitutive defenses more adaptive despite the 
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Introdu cti on 
Plants have evolved a battery of antiherbivore defenses in 
response to the selective pressure exerted by herbivore 
damage. Defenses such a~ toxic chemicals. physical 
structures. and rewards that attract enemies of herbivores 
are believed to be costly for p l anl~ to produce. and the 
resources used for defense usurp resources from other plant 
act ivi ties such as growth and reproduction. Thus. p l anl~ are 
faced with the cla~sic dilemma of inves ting in growth or in 
defense (Henns and Matl~on 1992). The optimal defense 
hypothesis addresses this dilemma by predicting that plallls 
will invest in defenses only when they are cost-effective 
and will reduce investment in redundalll defenses (Stamp 
2003). 
Induced defenses have received considerable attelllion 
in the past decade as a cost-efficient defense strategy. Thi s 
defense strategy pemli ts pl anl~ to maintain a low level of 
defense that can be upregulated in response to environ-
mental cues (biotic or abiotic) in order to reduce future 
herbivore damage. Induced defenses are predicted to 
evolve only when reducing the defense would enhance 
fi tness in the absence of herbivores and when the risk of 
herbivore damage is variable and a reliable cue exisl~ to 
trigger the induced response (Karban et al. 1999: Rohde 
and Wahl 2008). In contrast. constitutive defenses (defen-
ses that are continuou sly expressed regardless of herbivore 
presence) are predicted to be advalllageous over induced 
defenses when herbivore pressure is constantly high. 
Most examples of defenses induced by herbivores have 
been in pl anl~ from temperate ecosystems (Boege 20(4). 
Temperate environments experience sea~onal herbivore 
loads that may predict future herbivore pressure and act as 
a reli able cue for pl anl~. TIlere is. however. a lack of evi-
dence demonstrating herbivore-induced defenses from 





tropical foresl~. Tropical plants, es~cially young leaves. 
experience higher percent herbivore damage than temper-
ate phum (Coley and Aide 1991 ). Young leaves of tropical 
plalll~ are the most susceptible to herbivore consumption 
because they are softer and have higher relative nutrient 
and water contenl~ than mature leaves (Coley and Kur~ 
19(6) . Roughly 70% of a tropical leaf s life time damage 
occurs in th is short period of intense growth (Coley and 
Barone 19(6). Thus. young leaves in tropical foresl~ are 
under high. almost constant herbivore pressure. which 
shou ld favor constitutive defenses over induced defenses. 
Facu ltative ant- plant mutualisms are common antiher-
bivore defenses in tropical foresl~ (Schupp and Feener 
19( 1). In return for extrafloral nectar. ants serve a~ body-
guards and patrol young leaf surfaces. removing or deter-
ring unwanted peSl~. In contrast to obligate ant-plant 
mutuali sms. facultative mutualisms provide food but not 
housing for anl~. which can result in rapid changes in the 
abundance and identi ty of the ant partners (Heil and 
McKey 2(03). Consequently. we predict that extrafloral 
nectar in facultative ant-planl~ should respond to ant 
presence by changing the nectar production rate. 
In this paper we examine the effects of experimentally 
manipulated herbivore and ant presence on the prodoction 
of ex trafloral nectar in four Nootropical tree species in the 
ge nus I flga (Fabaceae) on Barro Colorado Island. Panama. 
At the genus leveL Iflga has a diverse array of chemical and 
phenological defenses (Brenes-Arguedas e t al. 2006 : Coley 
e t al. 2005 : Lokvam et al. 2006: Lokvam et al. 2004: 
Lo kvam and Kursar 2(05). Olemical defenses are toxic to 
herbivores and phenological defenses. such as rapid leaf 
expansion. allow the leaves to spend less time in the vul-
nerable young leaf state (Coley et al. 2005). Most species 
of Iflga also have extrafloral nectaries that prodoce nectar 
and use ant protection to varying degrees (Brenes-Argue-
da~ e t al. 2006: Koptur 1984 : Koptur 1985). Extrafloral 
nectaries in Iflga are located on the rachis between leaflet 
pairs and only secrete nectar when the leaves are young and 
expanding. It has been shown that extrafloral nectary tra il~ 
are heritable and that the quantity and quality of nectar can 
infl uence the patrolling behavior of ants (Apple and Feener 
200 1: Bluthgen et al. 2004: Bronstein et al. 2006: Koptur 
1992: Koptur 1994: Koptur 2005 : Rudgers 2004: Rudgers 
and Gardener 2004). We therefore condocted a survey of 
extrafloral nectar production in I flga and how changes in 
th is prodoction rate influenced ant patrolling behavior. 
There is. however. a possible feedbac k loop in some sys-
tems between ant presence and nectar production. Heil 
e t al. (20J0) have shown that ant presence il<;e lf indoced 
the prodoction of ex trafloral nectar. Therefore. we manip-
ulated herbivore presence and ant presence to detemline if 
e ither indoces ex trafloral nectar production on the young 
leaves of Iflga. 
~ Spring~r 
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Field research was conducted on Barro Colorado Island 
(BCI). Panama from May 2007 to November 2007. and 
again in the same months in 2008. BCI is located in the 
Panama Canal (9°N800W) and is maintained by the 
Smithsonian T ropical Re.<;earch Institute. TIle island is a 
tropical moist lowland forest that experience.~ a 4-month 
dry season (Janu ary to Apri l) (Croat 1978: Holdridge e t al. 
197 1: Leigh 19(9). For I flga. most young leave.~ are pro-
doced during the rainy sea~on (Coley and Kursar. pers. 
observ.). This is also the season that herbivores and their 
predators (alm) are more abundant in both gaps and un-
derstorie.~ (Richards and Windsor 2(07). 
Ant visita tion and nectar quality and quantity 
Nectar surveys were conducted from May to August 
of 2007 and 2008. Six Iflga species along the tra ils on 
BCI were selected : I . acumiTulla (fl = 3). I. mllrgillata 
(1/ = 44). I. mll /lljl/ga (1/ = 23). I. pezizifem (1/ = 22). 
I . I/mbellifem (1/ = 40). and I . vem (1/ = 5). One branch 
per indi vidual tree between I and 4 m tall was sampled at 
one time. Most branche.~ had only one young leaf. When 
multiple young leaves per branch were sampled. the 
average nectar prodoction of those leave.~ wa~ used a~ a 
re.~ponse for the indi vidual tree. To collect nectar from the 
young leave.~. nectaries were wa~ lled with distilled water to 
remove accumulated llectar. Then tile entire leaf was 
placed in a pla~tic bag to prevent rain or insecl~ from 
removing nectar. We did not use mesh bags because they 
would not have prevented disturbance by rain. While 
plastic bags may influence temperature and hu midi ty. the 
bags were not airtight and samp1e.~ were collected mostly in 
tile shaded understory and during tile rainy sea~on when air 
temperatures were cooler. In addition. condensation on the 
inside of tile bags wa~ rarely observed in either habita t (gap 
or understory). indicating no significant heat difference 
between the inside and outside of the bag. After 24 h. the 
nectar wa~ collected and its volume mea~ured using 
microcapillary tubes (initial collection). To collect any 
re.~idua l nectar. one microliter drops of distilled water were 
placed on nectaries. collected. and added to tile ini tial 
collection. The nectar wa~ collected into gla~s GC vial s. 
dried under vacuum. and frozen at - 50"C until analysis. 
An HP 6890 gas c hromatograph with a DB- I capillary 
column and FID wa~ used to identify and quant ify the 
sugars in tile llectar. The majority of tile componelm in the 
nectar were the sugars fructose. glocose. and sucrose. T ile 
dried nectar samp1e.~ were dissolved in 50 ilL of pyridine. 
Due to the polarity of the sugars. the samples were deriv-
atized by adding 50 ilL of BSlFA with 1% TCMS to the 
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standards and cali brat ion curves were used to identify and 
quantify the three sugars in the nectar. TIle total mass of the 
three sugars was summed for each sample and corrected by 
the number of nectaries per leaf over a 24 h period 
()lg sugar nectary- I 24 h- I). 
Based on the survey of natural nectar production. arti-
ficia l nectar solut ions were prepared and placed on adult 
leaves of four Iflga species: I. margi1/ata. I. mll/lljl/ga. 
I. peziZI!era. and I. wllbelli/em. Adult leaves were used a~ 
they no longer produce nectar naturall y. Solutions main-
tained a sugar ratio of one rLe .. I mg sucrose/(O.S mg 
fructose + 0.5 mg glucose)]. Five separate concentrations 
were prepared : 0 )lg )lL _ I (1/ = 30): 2 )lg )lL _ I (1/ = 29): 
20)lg)lL _ I (1/ = 27): 180)lg)lL _ I (1/ = 28) : and 
950 )lg )lL _ I (II = 28). A concentration wa~ randomly 
chosen for each plant included. A plant was only used once 
and only one leaf on the plant was observed. One microli ter 
of the selected solution wa~ placed on the two proximal 
nectaries on the rachis. After an hour. the anl~ on leaf 
surfaces and at noctaries were counted. 
Induction 
To assess if herbivores could induce defenses in young 
leaves. we random ly a~signed p l anl~ along the trai ls of BCI 
to either an herbivore damage treatment (plus-caterpill ar) 
or an herbivore-free treatment in which herbivores were 
removed and they received no herbivore damage (minus-
caterpillar). Previous research has shown that mechanical 
wounding alone does not mimic herbivore damage 
(Arimura et al. 2005): therefore. natural herbivores were 
used to e licit an induction response in young leaves of four 
species of Iflga : I. margiTulla (1/ = 33). I. pezizi/em 
(1/ = 20). I. mllllljl/ga (1/ = 25). and I. IImbelii/em 
(1/ = 27). The most common herbi vore on Iflga species on 
BO is a black-headed leaf roller (Gelechiidae. species not 
identified) (Kursar et al. 2006). Second- and third- instar 
gelechiids were collected from non-focal Iflga p l anl~ and 
moved to plus-herbivore plants. 
To test if ants affect expression of defenses by plants. 
individual plants in each of the two herbivore treatmenl~ 
were a~signed to e ither a treatment with normal ant visi-
tation to leaves (plus-ants) or to a treatment where ant 
access to leaves was restricted by the addition of a sticky 
barrier (fanglefoot) on the branch (m i nus-anl~). In addi-
tion. pI arm were sarllpled in gaps arid in the understory. 
and measures were taken to ensure that each treatment wa~ 
evenly crossed with these two light categories for each 
species. These tluee factors-herbivore treatment. light 
and ant treatment-were fu lly crossed. and an individual 
plaru only experienced one level of each treatment. 
All of the treatmenl~ were applied to young leaves. 
Plarm were incorporated into the experiment before their 
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young leaves reached 15% of their average adu lt leaf area. 
If there wa~ any pre-existing damage. pI arm were not 
included and plants were not reused. Treatments were 
maintained until the leaves reached 80% of their adu lt size 
(the size when the majority of herbivory has occurred and 
defense chemicals are high: Kursar arid Coley 2(03) or 
over half of their leaf tissue wa~ damaged. At these ter-
minal t ime po inl~. nectar was collected for laboratory 
analysis (see above for the collection method). 
Individual pI arm were treated as units of replication. 
When a plaru had nectar collected from multiple leaves. the 
values for the multiple collections were averaged arid used 
for arl individual plaru. Only values from leaves that were 
in the targeted size rarlge (60-80% of adu lt size) were used. 
An arlalysis of variarlce wa~ run with all three factors 
(herbivore presence. aru presence. arid li ght) using plaru 
species a~ a blocking variable and arl alpha level of 0.05 
(Table I). 
Results 
Ant visita tion arid nectar quali ty arid quaruity 
The predominaru componenl~ of extrafloral nectar of Iflga 
species were sucrose. fructose arid glucose. The rat io of 
these three sugars is typicall y expressed a~ the sucrose-to-
hexose ratio rmg sucroseJ(mg fructose + mg glucose)] 
T~ hl ~ I ANOVA summary lable for lhe ('ff~'ClS of induced 
respons('s by hI'Tbi,'ores. aniS. lighl. and \h('ir inll'Toctions 
Source DF Mean square F value 
Ani presence 437.839 4.2679* 
Calt'Tpillar presence 17.352 0.1691 
Lighl 1.096.620 10.6894** 
'"sa species (block) 331.142 3.2278* 
Ani X cak'Tpillar 19,411 0.1892 
Ani X lighl 67.271 0.6557 
Call'TJ'iliar X lighl 176.381 1.7193 
Ani X '"sa spp. 48,476 0.4725 
Call'TJ'illar X '"sa spp. 101.631 0.9907 
Lighl X '"sa spp. 592.899 5.7793** 
Ani X cak'Tpillar X lighl 72,688 0.7085 
Ani X cak'Tpillar X '"sa spp. 29.792 0.2904 
Ani X lighl X '"sa spp. 55.736 0.5433 
Call'TJ'illar X lighl X '"sa spp. 13.581 0.1324 
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(Baker and Baker 1982 : Baker and Baker 1983). The 
average sugar ratio for the seven study species wa~ 0.48 
(when outliers were removed). with no significant differ-
ence among species. We were unable to positively identify 
and quantify any additional componenl~ of the nectar. such 
as amino acids. 
TIlere wa~ no significant correlation between the volume 
of nectar produced and the concentration of the nectar. 
There was. however. a significant positive relationship 
between the volume of nectar produced and the total ma~s 
of sugar produced (slope = 0.85. ,1 = 0.72. /' < 0.(01). 
Thus. we chose to use total ma~s of sugar per nectary per 
24 h period ()lg nectary- I 24 h- I) rather than volume for 
aU further comparisons. as it was less prone to environ-
mental fluctuation and is the component of the nectar that 
is most attractive to arm (Gonzalez-Teuber and Heil 2(09). 
On average. the amount of sugar produced wa~ 
168)lg nectary- I 24 h- I. However. this varied arllong 
plarlt species. Iflga aCl/m;,uila produced no nectar 
(O.O)lg nectary- I 24 h- I) while Iflga marg;,uila produced 
the most nectar (277 )lg nectary- I 24 h- I: Fig. 1). 
I ncrea~es in natural arid artificial nectar rewards signifi-
cantly increa<;ed arlt visitation to leaf surfaces. Natural 
nectar production for seven species of Iflga was positively 
correlated with natural ant visitation (,1 = 0.62. /' = 0.035. 
Fig. 2). Furthermore. when artificial nectar was placed in 
the inactive extrafloral nectaries of mature leaves. the 
number of arll~ increased as the arllount of sugar increa~ed 
W < 0.00 1. Fig. 3). In addition. there wa~ a significant 
interaction between concentration arid obselVed arlt location 
(lJ = 0.00(5): at low concentrations. arl equal number of 
, 
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ants visited nectaries as visited leaf surfaces. but at high 
concentrations. more ants visited nectaries tharl visited leaf 
surfaces (Fig. 3). 
Induction 
We examined the extent to which nectar trail~ were induced 
by herbivore presence. ant visita tion. and light availability. 
For this experiment we focused on four species: I. mar -
gifla/a. I. mll /llj l/ga. I. peziz,!era. arid I. IIIllbellifera. 
As in the nectar sUlVey. concentration did not charlge 
significantly among the treatmenl~ : nor was it correlated 
with the volume of nectar produced. Sugar ratios showed 
no significant differences among the treatmenl~ or species. 
Overall. the average wa~ 0.46. indicating there were similar 
amounts of sucrose to the two monomers. fructose and 
glucose. However. total mass of sugar wa~ positively cor-
related with volume (slope = 0.74. ,1 = 0.55. /' < 0.0 1). 
Thus. ma~s per nectary per 24 h period was used for the 
statistical analysis. 
On average across all treatmenl~. I. mll/llj l/ga produced 
the most nectar in a 24 h period (358 )lg nectary- I 24 h- I), 
followed by I. pezizifem (167)lg nectary- I 24 h- I) arid 
I. marg;,U/la (147)lg nectary- I 24 h- I), with I. I/mbellifem 
producing the smallest amount ( 103)lg nectary- I 24 h- I). 
Therefore, plarlt species was used as a blocking variable for 
analysis of variance. Despite a large arllount of damage (21 % 
on plus-herbivore plarm). herbivore presence did not induce 
an increase in nectar production (Fig. 4a). However. arlt 
presence arid high light did induce an increa<;e in nectar 
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Discussion 
Ant visitat ion and nectar quality and quantity 
The number of ants on leaf surfaces i ncrea~ed when natural 
nectar production i ncrea~ed and when sugar concentration 
in the artificia l nectar tria ls i ncrea~ed. Natural nectar pro-
duction wa~ most often less than 5OO )lg nectary- I 24 h- I 
and ranged from no measurable nectar produced in 24 h to 
2AOO )lg nectary- I 24 h- I. The artificia l nectar trials 
ranged from 0 to 950 )lg nectary- I and confimled the 
resu l l~ obtained from observations of natural nectar pro-
duction: i ncrea~es in nectar production lead to increases in 
ant visitation. Even at low nectar levels. 20 )lg nectary- I. 
more anl~ visited leaf surfaces than when water wa~ pre-
sented. Ant visitation continued to i ncrea~e as sugar con-
centration increased (Fig. 3). furt her suggesting that nectar 
quantity on leaf surfaces influences ant visitation. Other 
authors have also demonstrated that increases in both nat-
ural nectar and artificial nectar can increase ant presence 
and that an increase in ant presence leads to decrea~ed 
damage to host plant tissue (Bentley 1976: Bentley 1977: 
Kost and Heil 2005). Bentley (1 977). for example. dem-
onstrated that i ncrea~ed nectar production around flower 
buds of Bim orellmUi shrubs attracted more atm during 
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Artificial noctar (lIg 01 sugar nectary-I) 
FiJ!. J The a,'erage number of anlS On leaf sulfoces anJ al neclaries 
in rt'lalion to artificial nectarconct'nlralion. One microlil<'Tof artifICial 
nectar of fi,'e JitT<'TCnl concentrations was plac.eJ On extrafloral 
nectarie~ (sample sizes appear in paremlle.,es below each conct'nlra · 
lion). Aflt.'T an hour. lhe anlS W<'TC counlt.>J On the leaf surfoces(blacJ: 
bars. mcan ± SEM) anJ al neclaries (1I~,ire bars. mean ± SEM). 
Artificial nectar of high<'T conct'nlrations altrocteJ significanlly 
more ants lhan 10w<'T COlKX'nlrations (P < 0.0001). In :KIJition . th<'Te 
was a signific.anl inll'TOC.tion be!wet'n conct'nlralion anJ obS<'T,'eJ 
location of anlS (P = 0.00(5). Al conct'nlrations Ix>low 200 IIg sugar 
nectary - ' 24 h- '. anlS JiJ nol pr('fc'T('nlia lly visit leaf sulfoccs or 
extrafloral nec.laries. Howc,'<'T. al c.onct'nlrations abo,'e 200 IIg sugar 
ncctary - ' 24 h- '. anlS plt'fNl'ntially visileJ cxtrafloml ncctaric. 
(1I~,ire bars) 
certain periods of flower atld fru it development. and that 
plants with more anl~ had a higher nu mber of healthy 
fru i l~. Koptur (1 984) also showed a decrease in herbivore 
damage when atll~ were present on '"ga. 
Despite the continued increase in ant visitat ion with 
i ncrea~ed art ificial nectar. '"ga platm did not commonly 
present natural nectar rewards that were a~ concentrated as 
our art ificia l rewards. When higher concentrations of arti-
ficial ne ctar were presented. the number of anl~ on a leaf 
i ncrea~ed. however the part of a leaf the ants visited was 
influenced by the nectar concentration. AIm first visited 
extraflo ral nectaries with sugar rewards before patrolling 
leaf surfaces (Fig. 5). For moderate and low concentrations 
of artificial nectar (below 2(0)lg sugar nectary- I). as 
many anl~ or more were on leaf surfaces a~ were at nec-
taries. However. when the nectar concentration was above 
200 )lg sugar nectary- I. ants tended to stay at the extrafl-
oral noctaries instead of patrolli ng leaf surfaces (Fig. 3). 
This may be why platm do not commonly produce more 

















Fig. ~ N&:larproduction (mean ± SEM) in response 10 ~ h<'Tbi wlI"e 
presence. b ani pres('lJCe. and c ligh!. None of lhe four '"sa species 
significanlly increased lheir nectar production wh('n herbi,'ores W<'Te 
prcS<'nl (ll NS). Nectar was induced when anlS We're preS<'nl 
( b P = 0.(2) and wh('n lhe planls W<'Te in gaps (c P = 0.(016). 
The P value in each pan('1 (3~) represents lhe value for each of lhe 
main ('!Tects in an A X B X CANOVA wilh specics as a block.ing 
variable. Th<'TC was a significanl inl('J":lClion belwc('n lighl and '"sa 
species (P = 0.(013). Sample size appears in paremhe.oes below each 
species 
production rates ants would gorge themselves at nectaries 
instead of patrolling leaves. TIl is suggests that an inter-
mediate level of nectar production may be most beneficial 
for planl~. TIlis is similar to hypothes ized flora l nectar 
production strategies in other systems where intemlediate 
levels of nectar production encouraged continued pollina-
tor foraging and enhanced pollen movement (Zimmerman 
1988). 
Nectar is principally derived from phloem. Phloem 
componenl~ are "filtered" through a layer of cells below 
the nectary before being presented a~ nectar. In these lay-
ers. sugars and other essential materials such as amino 
acids are thought to be added. concent rated or removed in 
order to transform phloem into nectar (Pacini and Nepi 
2007). However. we found no significant difference in 
sugar concentration among ' flga species. This suggests that 
ra ther than change the concentration of their nectar. plants 
control the volume of the nectar and thu s the mass of sugar 
produced. 
Although amino acids have been reponed in the ex-
trafloral nectar of 'flga (Koplur 1994). these were not ana-
lyzed in our study. Baker and Baker (1 973) sugges ted that 
additional componenl~ such as amino acids in flora l nectar 




















FiJ!. 5 The liming of ani visits lO neclaries and leaf surfoccs. 
Arlificial nectar (200 IIg ilL- ') was ploce<.l On lWO of a leaf s 
nectancs al lime O. AnIS W<'Te counled al half an hour. I h. 2 h. and al 
3 h. S<>parale observalions W<'TC made for nectaries wilh artifICial 
nectar (filled circles). nectarics k-fl e mply (ope" circles). leavcs 
attached 10 nectancs wilh nectar (filled .• qlmres) and iea,·cs allached 
10 nectanes wilhoUI necta r (ope" .• qlmre.o). AnIS firsl visil nectanes 
Wilh artificial necta r (0.5 h). lhcn spread OUI o,'er leaf smfaces (1 h) 
before d<>parling lhe iea,·cs (2 h). Ants spL'nl nO lime al e mply 
nectancs (ope" circles). StanJanJ ('Jl'()fS of lhe mean are offsel 10 
make lh('m more visi ble al each lime poinl 
have shown that ants can have preferences for amino acids 
in nectar and that herbivory can change amino acid con-
centrations in nectar (Lanza 1988 : Lanza et a1. 1993: Smith 
et a1. 1990). However. the same studies also showed that ant 
preferences can be ant-species specific and that not all plant 
species responded the same when damaged (Lanza 1988 : 
Lanzaet a1. 1993 : Smith et a1. 19(0). In addition. Gonzalez-
Teuber and Heil (2009) showed that amino acids only 
affected nectar attractiveness when they were at very high 
concentrations. and that facultative ant panners in ant- plant 
mutualisms did not have a preference for changes in amino 
acid composition. Their resu1L~ suggested that sugar was 
more influential in facultative ant-plant mutualisms. In 
' flga. atm visit extrafloral nectaries opponunistically and 
the identi ty of a visiting atlt species may not be the same 
from day to day. Thus. platm need a general reward to 
attract the "passerby" of the day. Hei l et a1. (2005) dem-
onstrated that qualitative differences in nectar sugar com-
position Catl attract specifi c anl~. and that sucrose is more 
attractive thatl fructose atld glucose to generalist atlt 
bodyguards. Given the above obselVations from the litera-
ture-that sucrose. glucose and fructose were the dominant 
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in the su ite 01 ant-species that visited the dillerent ' flga 
species-we hypothesize that sugars were the principal 
nutritional components that influenced ant behavior. 
Induction 
Effect of afl /s 
The increase in nectar production by all species in high 
light or with ants present demonstrates that nectar pro-
duction is not strictly constitutive. and that planl~ are 
capable of changing their investment in nectar in response 
to biotic and abiotic sigltals. We hypothesize that both light 
and ant presence increase nectar production through a 
source-sin k mechanism. We define nectaries as sinks and 
photosynthate from the phloem a~ the source. Photosyn-
thate is most likely imported to young leaves fro m storage 
tissues (in mature leaves. roOl~ or stems) due to the high 
demands in young leaves. a lack of su ffi cient photosyn-
thetic machinery in young leaves. and. in the understory. 
insu ffi cient light (Kursar and Coley 1992). A~ ants remove 
nectar from the nectary. the sink is emptied then refilled by 
the phloem. In Macaraflga. planl~ that had nectar removed 
regularly with pipettes produced more nectar than plants 
that had their nectar collected at longer intervals (Heil et at 
20J0). In this study. nectaries were isolated from anl~ for 
24 h before nectar collections were made. During this 
period. nectaries that had received nOnllal am visitation 
produced more nectar despite being isolated from ants for 
24 h. 
Effect of lig/II 
Increased nectar production also occurred when plants 
were in higher light environments. such a~ light gaps. 
There was a significant interaction effect bel ween light 
and plant species (/' = 0.0013. Table I). but all plant 
species had the same trend of increased nectar production 
in high light (Fig. 4c). Pl arm in the understory carl be 
limited by light. a~ typically less than 2% of full sunlight 
penetrates through to the rainforest understory (Leigh 
19(9). The increased flow into the extrafloral nectaries 
when plants are found in the higher light of gaps cou ld be 
due to the increa~ed photosynthate in the phloem from 
storage tissue or photosynthesizing leaves. Si:ni lar shifl~ 
in carbon-ba~ed aru rewards have been observed in 
Cecropia planl~. In high li ght. these pI arm increased their 
investment in Mullerian bodies. which are predominately 
glycogen (Folgarait arid Davidson 1994). In addition. 
when ' flga vera indi viduals were grown in the light. they 
received better protection from their mutualistic ant 
partners. suggestHlg increased nectar production (Kersch 
and Fonseca 2005). 
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While the greater avai lability 01 photosynthate starlds out 
as the predominaru reason for increa~ed nectar production 
in high light. it ha~ also been found that on BCI there is a 
higher abundance of herbivores arid predators of herbivores 
in gaps (Richards and Coley 2007). So investment in aru 
defense in gaps would be more likel y to attract a defender. 
and it is arl environment where more protection is needed. 
Effect of herbivores 
Herbivore-induced production of secondary metabolites is 
regulated by jasmonic acid (JA) and the octadecanoid 
pathway (Arimura et at 2(05). We showed that one species 
of herbivore does not induce nectar production in the genus 
' flga. This may be because nectar production (1) is con-
stitutive arid therefore not under JA pathway regu lation. (2) 
does not respond either to the amount of darllage infl icted 
by the experi mental treatment or to the species of herbivore 
that we used. or (3) does not respond to short-term changes 
in herbivore presence. With respect to ( 1). we have shown 
in this study that nectar production is not constitutive and 
carl in fact be altered by both biotic and abiotic factors. 
Heil arid Silva Bueno (2007) showed that leaves exposed to 
volatile orgarlic compounds increa<;ed their nectar produc-
tion through JA signaling. Additionally. Heil et at (2001) 
showed that extrafloral nectar is induced by exogenous JA 
and that this increa~ed ant visitation in Macamflga /lIfu/-
riIL~. This suggesl~ that nectar production carl be controlled 
by JA and is not constitutive in ' flga . 
With respect to (2) above. the larval gelechiids used in this 
study are the most common herbivores on ' flga on BCI 
(Kursar et at 2006). and. in the plus-herbivore treatment of 
the current study. they consumed 21 % of a young leaf on 
average. Karban arid Baldwin (1 997) reponed that marlY 
other genera show iliduced responses to "minute ·· amounl~ 
of damage. often well below 2()q{, of the leaf area. 1bese data 
suggest that if nectar production in the genus ' flga is 
responsive to herbivore damage. the experimental treatment 
wa~ sufficient to elicit an induced response and that an 
appropriate herbivore wa~ used. However. gelechiid cater-
pillars do build leaf "tenl~" to hide from predators. There-
fore, because more ant bodyguards may not be more effective 
against these concealed enemies. this herbivore may not 
iliduce nectar production and consequently aru protection. 
The final hypothesis. (3) above. suggesl~ that plants 
wou ld not benefit from relaxing their defenses because 
herbivore pressure in tropical habital~ is high arid herbi-
vore-free periods are brief. That is. because herbivore 
pressure in tropical forests does not vary between high alid 
low periods as in temperate habital~. there may not be a 
benefit for defenses to respolid to shon-term changes in 
herbivore presence on indi vidual plants. The pattern of 






tropical plants has been suggested by Koptur (1 989). who 
showed induced nectar production in a temperate annual 
(Vida salim) but not in tropical perennial pI arm (Ipomoea 
camea. ' flga b renesii. arid ' flga pllflclala). While these 
resulL~ support the proposed hypothesis. Koptur poinl~ out 
that the difference could be due to the plant origin (Le .. 
temperate or tropical) or to growth foml (Le .. perennial or 
annual). and that furt her research needs to be pursued. 
Other authors have shown that defenses carl be induced in 
temperate perennial plants (Berenbaum arid Zangerl 1994: 
Bjorkman et al. 2008: Dalin arid Bjorkman 2003 : Darrow 
and Bowers 1999: Litvak and Monson 1998: Ness 2003: 
Scutareanu et al. 2003 : Shiojiri and Karban 2006 : Wold 
and Marquis 1997: Wooley el al. 2(07). which suggesls 
that the differences found in this study are due to the 
selective pressures associated with a plant's nat ive habitat 
and not to its growth foml. 
Currently. plant-herbivore defense theory emphasizes the 
advantages of induction. We suggest. however. that induc-
tion in response to herbivores may not be adaptive for aU 
environmenl~. TIle lack of evidence supporting induced 
defenses in tropical plarm suggesl~ that the selective forces 
are different across a latitudinal gradient arid that selection 
favors constitutive defenses in tropical plarlts. Furthemlore. it 
suggesl~ that constitutive defenses are adaptive under certain 
coriditions arid not necessari ly a relic of arl ancestral state. 
In contrast to the predictably high risk of herbivore 
attack to young leaves. ant visitation in a facu ltative 
mutuali sm is more variable. If arm are present. it is 
adaptive to invest in nectar. However. if ants are not 
present. then the cost of nectar production would not be 
balanced by the benefits of protection. Thus. we suggest 
that selection has favored plastic responses of nectar pro-
duction to anl~ but not herbivores in tropical foresl~. 
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TRADE-OFFS BETWEEN CONSTITUTIVE AND INDUCED 
RESPONSES ARE PREDICTED BY THE PROBABILITY 
OF ATTACK BY NATURAL INSECT HERBIVORES 




Induced defenses are thought to be a cost-saving antiherbivore defense strategy 
for plants. Over the past three decades, empirical evidence has supported this hypothesis 
and has demonstrated a diversity of inducible defenses. In addition, there have been 
substantial advancements in our understanding of the molecular mechanisms that regulate 
induction. In particular, the signaling hormone jasmonic acid has been shown to 
upregulate antiherbivore defenses. However, all of our understanding of induced defenses 
is from temperate and agricultural systems. It remains unknown to what extent tropical 
plants, which experience far greater herbivore pressure, can induce their defenses. In this 
study, we used natural herbivores to induce three toxic secondary metabolites in the 
Neotropical tree genus Inga. We gravimetrically quantified phenolics, saponins, and 
tyrosine and used HPLC-MS to quantify jasmonic acid in damaged and undamaged 
plants. Saponins were not induced, but phenolics were upregulated in species that have 
fast-expanding young leaves.  Tyrosine was induced to a much greater extent, 
presumably because it is metabolically more labile. We also demonstrated a trade-off 
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between induced and constitutive defenses based on the probability of attack on young 
leaf tissue. While two of the four Inga species examined in this study could induce their 
defenses, it was by a relatively small degree compared to other studies. Furthermore, 
there was no significant induction of jasmonic acid. Therefore, we suggest that the 
chemical defenses of tropical young leaves are canalized and constitutively expressed.  In 
addition, these results suggest that the divergent defenses seen in the young leaves of 




Nearly half of the approximately one million described insect species are 
herbivorous making plant-herbivore interactions one of the most common macroscopic 
interactions on the planet (Schoonhoven et al. 2005). At the center of these interactions 
are the defenses that plants express and the strategies that herbivores use to circumvent 
these defenses. Despite the prevalence of these interactions and their importance in 
shaping biodiversity and structuring communities, there is still a debate about the 
adaptive significance of different defense strategies, especially with respect to induced 
versus constitutive defenses. 
Constitutive defenses are expressed constantly regardless of herbivore presence 
and therefore plants must continually invest in these defenses. In contrast, induced 
defenses are only expressed in response to herbivore presence (Karban and Baldwin 
1997). When herbivores are absent, these plants grow and reproduce, but in the presence 
of herbivores they reallocate a portion of their resources into defense. Herbivore damage 
activates the jasmonic acid pathway, the primary phytohormone that regulates induced 
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responses, which signals the up-regulation of chemistry, physical traits, and predator 
rewards (Koo and Howe 2009).  
The induced resistance hypothesis predicts induced defenses to be adaptive only 
when herbivory is variable and predictable and when defenses effectively reduce 
herbivory. In contrast, the hypothesis predicts constitutive defenses to be adaptive when 
the probability of herbivore damage is constantly high or if the defense is cheap to 
produce (Figure 3.1, Karban and Baldwin 1997). A large body of research has shown the 
existence of induction and its relationship with variable herbivore pressure. In contrast, 
there is little empirical evidence for the adaptive significance of constitutive defenses 
under high, constant herbivore pressure (Zangerl and Rutledge 1996).  
Most tests of the induced resistance hypothesis have focused on temperate 
ecosystems that typically experience variable herbivore pressure within a growing 
season. In contrast, tropical plants experience greater herbivore pressure and invest more 
in defense relative to temperate plants (Coley and Barone 1996). Herbivory is particularly 
high on young tropical leaves. Herbivores grow twice as fast and suffer lower predation 
rates on young, expanding, tropical leaves, which are inherently soft and full of nitrogen 
and are therefore a highly sought-after food resource (Kursar et al. 2006). Once mature, 
tropical leaves quickly become a tougher, less nutritious food source for insect herbivores 
(Kursar and Coley 2003). Consequently, during the average two year lifespan of an 
understory tropical leaf, over 70% of its lifetime herbivore damage (ca 30% of the total 
leaf area) occurs within the first month while it is expanding (Coley and Aide 1991, 
Kursar and Coley 2003). Under conditions of consistently high herbivore pressure, the 
induced resistance hypothesis predicts that constitutive defenses would be more adaptive 
25 
than induced defenses. However, few published studies test for induced versus 
constitutive defenses in tropical forests (Boege 2004, Bixenmann et al. 2011).  
In this paper we examine the effects of experimentally manipulated herbivore and 
ant presence on the concentration of secondary metabolites in four Neotropical tree 
species in the genus Inga (Fabaceae) on Barro Colorado Island, Panama. At the genus 
level, Inga has a diverse array of chemical and phenological defenses (Lokvam et al. 
2004, Coley et al. 2005, Lokvam and Kursar 2005, Brenes-Arguedas et al. 2006, Lokvam 
et al. 2006). Chemical defenses are toxic to herbivores and phenological defenses, such as 
rapid leaf expansion, allow the leaves to spend less time in the vulnerable young leaf state 
(Coley et al. 2005). Most species of Inga also have extrafloral nectaries that produce 
nectar and use ant protection to varying degrees (Koptur 1984, 1985, Brenes-Arguedas et 
al. 2006, Bixenmann et al. 2011).  Extrafloral nectaries in Inga are located on the rachis 
between leaflets pairs and only secrete nectar when the leaves are young and expanding. 
We manipulated herbivore presence and ant presence to determine if Inga relies on 




Field research was conducted on Barro Colorado Island (BCI), Panama from May 
to November (rainy season) 2007 and 2008. BCI is located in the Panama Canal (9°N 
80°W) and is administrated by the Smithsonian Tropical Research Institute. The island is 
a tropical moist lowland forest that experiences a 4-month dry season (January to April) 
(Holdridge et al. 1971, Croat 1978, Leigh 1999). For Inga, most young leaves are 
produced during the rainy season (Coley and Kursar pers. observ.). This is also the 
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season that herbivores and their predators are most abundant in both gaps and 




To assess if herbivores could induce defenses in young leaves, we randomly 
assigned plants along the trails of BCI to either an herbivore-damage treatment (plus-
caterpillar) or an herbivore-free treatment in which herbivores were removed and they 
received no herbivore damage (minus-caterpillar). Because mechanical wounding alone 
does not mimic herbivore damage (Arimura et al. 2005), natural herbivores were used to 
test for an induction response in young leaves of four species of Inga: I. marginata 
(n=33), I. pezizifera (n=20), I. multijuga (n=25), and I. umbellifera (n=27). The most 
common herbivore on Inga species on BCI is a black-headed leaf roller (Gelechiidae, 
species not identified; Kursar et al. 2006).  Second and third instar gelechiids were 
collected from non-focal Inga plants and moved to plus-herbivore plants.  
To test if ants affect expression of chemical defenses by plants, individual plants 
in each of the two herbivore treatments were assigned to either a treatment with normal 
ant visitation to leaves (plus-ants) or to a treatment where ant access to leaves was 
restricted by the addition of a sticky barrier (Tanglefoot) on the branch (minus-ants). In 
addition, plants were evenly sampled in both gaps and in the understory to determine the 
effect of light level and other microclimate differences on chemical defenses. These three 
factors (canopy, herbivore, and ant treatment) were fully crossed for each species and an 
individual plant only experienced one level of each treatment. 
All of the treatments were applied to the young leaves of saplings between 1 and 
4 meters tall. Plants were incorporated into the experiment before their young leaves 
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reached 15% of their average adult leaf area. If there was any preexisting damage on the 
young leaves, plants were not included and plants were not reused. Treatments were 
maintained until leaves reached 80% of their adult size (the size when the majority of 
herbivory has occurred and defense chemicals are high; Kursar and Coley 2003) or until 
over half of their leaf tissue was damaged. At these terminal time points, leaves were 
collected for laboratory analysis. Leaves were clipped from the tree and a subsample of 
each leaf was placed onto ice immediately for jasmonic acid analysis and transferred into 
a -80° C freezer within 5 hours of collection. The remaining leaf subsample was placed in 
a paper envelope in the field and within 5 hours was vacuum dried and then stored at -20° 
C until chemical analysis.  
 
Chemical analysis 
Two classes of chemicals (phenolics and saponins) and one amino acid (tyrosine) 
were extracted and quantified. These chemicals were selected based on their toxicity to 
herbivores in previous feeding trials using extracts of Inga species and other reports on 
these compounds (Potter and Kimmerer 1989, Agrell et al. 2003, Coley et al. 2005). 
Secondary metabolites were extracted, separated and quantified gravimetrically. For I. 
marginata, I. multijuga, and I. pezizifera, 70-80 mg of sample were homogenized using 
grinding beads in a 1 mL Nunc Cryo Tube™ and a Wig-l-bug® mixer at 46 Hz for a total 
of 3 minutes. The grinding beads were removed and 1mL of 80% ethanol was added and 
mixed. Samples were then centrifuged for 10 minutes at 9055 RCF and 5° C. The 
supernatant was retained and the extraction was repeated a total of five times with 80% 
ethanol. The same process was repeated twice with 70% acetone and all collected 
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supernatants were combined. Pellet and extract were dried under nitrogen, then under a 
vacuum (0.8 torr) at ambient temperature and weighed.  
To remove lipids, 3 mL of 60% methanol and 3 mL of hexane were added to each 
extract. Vials were shaken and allowed to settle. Once two distinct layers formed, the 
lipid-containing hexane layer was removed and placed in a preweighed vial. Next, 3 mL 
of hexanes were added and the separation was repeated for a total of five times.  Both the 
polar organic fraction and lipids were dried under nitrogen and then under a vacuum (0.8 
torr) at ambient temperature and weighed.  
The polar organic fraction was separated on a liquid chromatography column 
packed with Bakerbond reverse phase octadecylsilane (ODS). Columns were prepared on 
10cc syringes plugged with glass wool and filled with 1.9 g of ODS.   Water-methanol 
solutions were used to serially elute the columns as follows: 30mL of 5% MeOH (organic 
acids), 10 mL of 5% MeOH (blank), 20 mL of 60% MeOH (phenolics), 10 mL of 60% 
MeOH (blank), 20 mL of 100% MeOH (saponins) and 10 mL of 70% acetone (blank). 
Each fraction was collected separately into a labeled preweighed vial, dried under 
nitrogen, and then under a vacuum (0.8 torr). Fractions were quantified gravimetrically 
and HPLC was used to verify the class of compounds in each fraction. The blank 
fractions were used to verify separation among fractions, contained less than 5% of the 
total mass, and were not included in the analyses. 
 
Tyrosine and phenolics in Inga umbellifera 
 
Due to the high quantity of tyrosine in I. umbellifera, and tyrosine’s low 
solubility, a special extraction protocol was developed. Twenty-five milligrams of dried 
leaf sample were homogenized as above and extracted in 2 mL of 10% MeOH (final 10% 
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MeOH solution adjusted to pH=3 with acetic acid) for 20 minutes at 80° C. Samples were 
centrifuged at 13250 RCF and ambient temperature for 5 minutes. The resulting 
supernatant was retained and the extraction was repeated.  The combined supernatants 
were separated on preweighed Agilent SampliQ C18 solid phase extraction columns (500 
mg ODS). The supernatant was added to the prepared column and washed with an 
additional 2 mL 10% MeOH (pH 3). The 10% MeOH wash, containing tyrosine, was 
dried under vacuum (0.8 torr) and redissolved in 20 mL of 10% MeOH. Samples were 
then separated on a Hitachi LaChrom Elite with an Omnisphere C18 250 x 2.0 mm 
column isocratically using 10% MeOH/90% HOH with 0.1% formic acid. Tyrosine was 
detected at 275 nm and quantified based on peak area and external calibration curves.  
The SampliQ columns were dried and reweighed and the difference was considered to be 





Jasmonic acid (JA) was quantified following Wu et al. (2007) and Wang et al. 
(2007). The frozen JA subsample was homogenized in a 1mL Nunc Cryo Tube™ as 
above and then extracted with 1mL of ethyl acetate spiked with 400 ng mL-1 of 
deuterated jasmonic acid (JA-D5) (C/D/N Isotopes Inc, Quebec, Canada). The mixture 
was centrifuged at 13250 RCF at ambient temperature for 5 minutes and the resulting 
supernatant was collected. The extraction was repeated once more and the two 
supernatants were combined. The extracts were dried under vacuum at room temperature 
and redissolved in 0.3mL 40% MeOH. The redissolved solutions were separated on a 
Hitachi LaChrom Elite HPL C with an Omnisphere C18 250 x 2.0 mm column and 
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quantified on a LCQ mass spectrometer based on peak area. The ratio of JA to 
isotopically labeled JA-D5 standard was used to quantify jasmonic acid (ng JA (g FW)-1).  
Because, in the field, we placed the JA subsample directly onto regular ice rather 
than dry ice, we collected additional leaves from nonfocal individuals of I. umbellifera to 
examine any changes in JA until it was placed in the -80° C freezer. One leaflet from 
each leaf was placed on dry ice immediately and the remaining leaflets were placed on 
wet ice. From each leaf, another leaflet was transferred at 1 hour, 5 hours, and the last 
leaflet was transferred at 8 hours. There was no significant change in JA over the 8-hour 
period while on regular ice. In fact, the variation among individual leaves was greater 




Individual plants were treated as units of replication. When a plant had samples 
from multiple leaves the values for the multiple collections were averaged for an 
individual plant. Only values from leaves that were in the targeted size range (60-90% of 
adult size) were used. The proportion of the three chemical defenses (phenolic fraction, 
saponins fraction, and tyrosine) within a young leaf were arcsine transformed prior to 
analysis to meet the assumptions of ANOVA. Analysis of variance were run for each 
defense compound (Table 3.1) and JA using herbivore presence, ant presence, canopy, 
young-leaf expansion rate, and young leaf size as explanatory variables with an alpha 










Overall, there was a significant effect of herbivores on phenolics (F1, 84=9.88, 
P<0.01, Figure 3.2a), however, there was a significant interaction between herbivore 
presence and young leaf expansion rate (F1, 84=4.74, P<0.05, Table 3.1). Young leaf 
expansion rate is a species level trait that describes how a young leaf expands and 
develops. Species with slow-expanding young leaves expand from buds to their adult size 
very slowly (2-4 weeks) and have normal chlorophyll development (they appear light 
green). Species with fast-expanding young leaves spend very little time (< 2 weeks) as 
young leaves. They are much softer (drooping or hanging rather than being held 
horizontal), have much higher nitrogen and water content, and have delayed chlorophyll 
development (they appear white, pink, or red) (Kursar and Coley 2003).  Slow-expanding 
species (I. multijuga and I. pezizifera) did not induce phenolic compounds whereas fast-
expanding species (I. marginata and I. umbellifera) did. When herbivores were present, 
Inga umbellifera and I. marginata had greater phenolic content by 21% and 25%, 
respectively (Figure 3.2a). In addition, fast-expanding species had significantly higher 
phenolic content overall (F1, 84=15.09, P<0.001), but this result appears to be driven by I. 
umbellifera. 
Ant presence and canopy did not induce phenolic compounds in young leaf tissue 
(Table 3.1), but, younger leaves did have a higher phenolic concentration (F1, 84=14.33, 
P<0.001).  Young leaf samples were only collected from two size classes late in leaf 
expansion: size 3 (50-74% of adult size) and size 4 (75-100% of adult size). For I. 
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multijuga, I. umbellifera, and I. marginata, phenolic content decreased by 25%, 35% and 




The saponins in I. pezizifera and I. marginata were not induced by herbivore 
presence (Figure 3.2b) or ant presence (Table 3.1). However, saponin content was 9% (I. 
pezizifera) and 6% (I. marginata) higher when plants were found in gaps (F1, 42= 81.34, 
P>0.001) and, as with phenolic compounds, saponin content decreased by 20% from size 
3 young leaves to size 4 in I. marginata (F1, 42= 18.94, P>0.001). I. multijuga and I. 




Only I. umbellifera had tyrosine in toxic amounts. Tyrosine was induced by 97% 
when herbivores were present (F1, 20=14.45, P<0.01, Figure 3.2c). As with saponins, 
tyrosine content increased by 148% in gaps (F1, 20=34.42, P<0.001) and decreased by 




The average jasmonic acid content was significantly different among Inga species 
(I. marginata = 850 ng JA (g FW)-1; I. umbellifera = 829 ng JA (g FW)-1; I. pezizifera = 
596 ng JA (g FW)-1; and I. multijuga = 1733 ng JA (g FW)-1; F1, 38=6.45, P<0.01) but was 
not significantly induced by herbivore presence (Figure 3.3). There appears to be a trend 
of higher JA content in damaged leaves but there was no significant difference in the 
omnibus ANOVA or for individual ANOVAs for each species. Additionally, there was 
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no relationship between JA and ant presence, canopy cover, leaf size, or young-leaf 






Phenolic content ranged from 4% to 41% of leaf dry weight (DW) across the four 
Inga species. Herbivory had no effect for the two slow-expanding species, but caused an 
induced response by 23% in the two fast-expanding species. This extent of induction is 
low compared to other studies. A few studies have reported a 2.16 to 7.5 fold (i.e. 116% -
650%) induction of phenolics from herbivore or artificial damage (Schultz and Baldwin 
1982, Baldwin and Schultz 1983, Eyles et al. 2003, Dutsadee and Nunta 2008), but, other 
reports suggest 10-60% induction is more common in woody species (Wagner and Evans 
1985, Hartley and Firn 1989, Erwin et al. 2001, Baraza et al. 2004, Moreira et al. 2009). 
In addition, several studies reported no detectible induction of phenolics in woody plant 
species (Bryant et al. 1991, Massei et al. 2000, Henery et al. 2008, and more). The only 
comparable data we could find for induction of phenolics in tropical forests were from 
the mature leaves of three species, two of which were tropical dry forest species, (Shorea 
leprosula, Croton pseudoniveus, and Bursera instabilis), where phenolics increased by 
26-50% (Boege 2004, Massey et al. 2005). Because this is the first report on induced 
defenses in young leaves from a moist tropical forest, comparing these results is difficult. 
However, it appears that levels of induction are lower in the present study than in the 
temperate zone and other tropical plant species. Furthermore, phenolic content in the 
young leaves of Inga is 49% higher when young leaves begin to expand than after being 
induced by herbivores later in leaf expansion (Bixenmann et al. In Prep). Therefore, it is 
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unclear that the 20-25% increase in phenolics found in two species late in leaf expansion 
would be sufficient to reduce herbivory and thus be biologically significant.  
Saponins were not induced by herbivores in this study. Agrell et al. (2003) 
reported that it took 2-4 days postherbivore damage for the saponin content in alfalfa 
(Medicago sativa: Fabaceae) to increase and that the saponin content peaked around 7 
days and returned to baseline levels by 14 days. The young leaves of I. marginata and I. 
pezizifera (the two saponin-containing species) spent 7 and 14 days, respectively, 
exposed to herbivores in the expansion stage. If these two species had similar response 
times to herbivory as Medicago, we would have observed an increase of saponins in at 
least one of the species. Therefore, it appears that saponins are constitutively expressed in 
the young leaves of these two Inga species.  
In contrast to phenolics and saponins, tyrosine did show a substantial increase in 
response to herbivory (97%). The increase of tyrosine throughout development and its 
postexpansion removal suggest that it is metabolically labile and therefore can be turned 
over and reused (Lokvam et al. 2006, Bixenmann et al. In Prep). In contrast, phenolics, 
and particularly condensed tannins are not easily catabolized and recycled (Feeney 1976, 
Coley et al. 1985). Accumulating an excess of phenolics in the young leaves may not be 
adaptive as they would persist once the leaf was full size and tough. Toughness is more 
effective than chemistry at reducing herbivory and thus “extra” phenolics in the mature 
leaf would no longer be necessary or beneficial. Therefore, it may be that the small 
amount by which phenolics were induced was due to physiological constraints on 
catabolism, whereas labile defenses, such as tyrosine, were more easily induced because 
they were under different physiological trade-offs.  
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The carbon-nutrient balance hypothesis predicts that plants in high light should 
increase carbon-based defenses over nitrogen-based defenses (Bryant et al. 1983). 
Instead, we found that tyrosine (a nitrogen-containing compound) increased by 148% in 
gaps but phenolics (carbon-based compounds) did not. However, recent work by Barron 
et al. (2011) has demonstrated that leguminous nitrogen fixation is facultative in Inga and 
that a significant increase in nodulation and fixation occurs in gaps. Thus in gaps, Inga 
may not be N-limited and could afford to invest in a nitrogen-based defense such as 
tyrosine. 
The timing and amount of damage, as well as the identity of the damage agent can 
have significant impacts on induced responses. The larval gelechiids used in this study 
are the most common herbivores on Inga on BCI (Kursar et al. 2006) and they consumed 
21% of a young leaf on average in the plus-herbivore treatment of this study. Karban and 
Baldwin (1997) reported that many other plant genera showed induced responses to 
“minute” amounts of damage; often well below 20% of the leaf area. Taken together, 
these results suggest that our experimental treatment was sufficient to elicit an induced 
response in the young leaves of Inga if the secondary chemistry in the genus is 
responsive to herbivore damage. 
 
Trade-offs between induced and constitutive defenses 
 
While a trade-off between induced and constitutive defenses may not occur in all 
systems (Thaler and Karban 1997, Zhang et al. 2009, Rasmann and Agrawal 2011), 
induction negatively correlates with the probability of attack in many reports (including a 
meta-analysis of 31 studies), suggesting that this trade-off does exist in many systems 
(Zangerl and Rutledge 1996, Koricheva et al. 2004, Zhang et al. 2008). In addition, 
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mathematical models suggest that investment in constitutive versus induced defenses is 
better predicted by the probability of herbivore damage than by the amount of leaf 
damage from herbivory (Ito and Sakai 2009). 
Because 70% of all herbivore damage in the tropics occurs on young leaves, 
species that expand quickly reduce the probability that they will be discovered and 
consumed. Therefore, the optimal defense hypothesis predicts that fast-expanding leaves 
should invest more in induced defenses and less in constitutive defenses. Indeed, there 
was a positive relationship between expansion rate and the percent induction of chemical 
defenses and extrafloral nectar production combined (R2=0.66, Figure 3.4) (Bixenmann 
et al. 2011). There was also a negative relationship between expansion rate and 
investment in constitutive baseline levels of those same defenses (R2=0.49, Figure 3.4), 
although the test of significance for this correlation is unreliable with only four data 
points (Abdel-Megeed 1984). Fast expanders are essentially “escaping” their herbivores 
by investing more resources in rapid leaf expansion, thereby making them more 
ephemeral and difficult to find temporally. As a result, herbivore pressure on fast-
expanding species is more sporadic, and defenses are only advantageous should the 
young leaves be discovered by herbivores. In contrast, slow expanders are vulnerable to 
herbivory for a longer period of time, have a higher probability of herbivore damage, and 
consequently invest more in constitutive defenses.  
 
Latitudinal trends of induced defenses 
 
Latitudinal trends in herbivore pressure suggest that Inga and trees in the 
aseasonal tropics should rely primarily on phenological and constitutive chemical 
defenses to reduce herbivory. Consistent with this is the high investment in constitutive 
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levels of phenolics for Inga (8-23%) and other tropical tree species (Coley and Aide 
1991). In contrast, temperate plants should invest more in induced defenses than tropical 
plants (but, see Rasmann and Agrawal 2011). Koptur (1989) showed induced nectar 
production in a temperate annual (Vicia sativa) but not in tropical perennial plants 
(Ipomoea carnea, Inga brenesii and Inga punctata). While these results support the 
proposed latitudinal trend, Koptur points out that the difference could be due to the plant 
origin (i.e. temperate or tropical) or to growth habits (i.e., perennial or annual). Although 
there are a few examples of trees that do not induce defenses (Henery et al. 2008), there 
are many more examples of induced defenses in trees and other temperate perennial 
plants (Haukioja 1991, Berenbaum and Zangerl 1994, Wold and Marquis 1997, Litvak 
and Monson 1998, Darrow and Bowers 1999, Dalin and Bjorkman 2003, Ness 2003, 
Scutareanu et al. 2003, Shiojiri and Karban 2006, Wooley et al. 2007, Bjorkman et al. 
2008, Eyles et al. 2010). This suggests that differences in defense chemistry are due to 
the selective pressures associated with a plant’s native habitat rather than its growth form 
(i.e., perennial or annual). With the exception of tyrosine, we observed only a small 




The JA concentrations for the plus-caterpillar treatments of the four Inga species 
in this study were within induced levels recorded in other studies. However, the JA 
concentration for undamaged leaves of Inga was higher than undamaged leaves in other 
studies (Wang et al. 2007, Wu et al. 2007). While there was a trend of increased JA 
content when herbivores were present for all four Inga species, there was no overall 
significant increase in JA signal with herbivory. There are several possible explanations 
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for why the JA was not induced: 1) JA accumulation was altered by other environmental 
factors 2) JA was systematically up-regulated by previous damage to the study plant or 3) 
we missed the short window in which JA was up-regulated.   
The JA pathway is susceptible to disruption by herbivores, abiotic factors, or 
crosstalk with other signal pathways. There is some evidence that herbivores can 
manipulate the JA response and even decrease baseline defense levels so that previously 
attacked plants are a better food source (Sarmento et al. 2011). While gelechiid 
herbivores may have altered the JA response, the fact that the JA levels and defense 
chemistry did not decrease when herbivores were present suggests that herbivores did not 
disrupt JA accumulation. Disruptive crosstalk is also possible between the JA pathway 
and the salicylic acid pathway (SA). The SA pathway is elicited by other biotic factors 
such as pathogen infections (Bostock 2005) and may be elicited by endophytic fungi, 
which are common in tropical forests (Arnold et al. 2000, Hawksworth 2001), and could 
have affected our results. Additionally, JA pathway sensitivity can be increased when 
exposed to higher levels of UV-B or lowered when exposed to far-red radiation 
(Demkura et al. 2009, Moreno et al. 2009). However, there was no difference in JA 
content between plants in gaps or understories for any of the four species in this study.  
Given the relatively high levels of JA in undamaged leaves, it is possible that our 
study trees had been affected by previous interactions with herbivores or by current 
interactions of neighboring leaves not included in the experiment. However, all 
neighboring young leaves on a minus-herbivore plant received the same herbivore 
treatment and had no damage. There is mounting evidence that plants have a “molecular 
memory” and may be primed by past experience to respond more quickly or more 
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strongly to future attacks (Gális et al. 2009). However, primed plants generally increase 
JA pathway sensitivity rather than total JA content (Conrath et al. 2006), suggesting that 
the high JA baselines that we observed are not due to priming. There is also evidence that 
damage from previous years (up to 5 years in Betula) can affect future investment in 
antiherbivore defense (Ruuhola et al. 2007). These long-term responses are called 
delayed induced resistance, in contrast to the rapid induced resistance that we examined 
in this study, and are beyond the scope of our experimental design. However, if Inga did 
employ delayed induced resistance, we predict that young leaves would still appear to be 
constitutively defended because the high, constant herbivore pressure would perpetually 
induce their defenses through delayed induced resistance. 
The most parsimonious explanation for a lack of a significant JA induction is that 
we missed the short spike of JA in response to damage. JA is up-regulated shortly after 
damage occurs (usually within a few hours) on leaves and then drops back down to 
baseline levels within a few hours or days (Gális et al. 2009). However, we maintained 
herbivore treatment from several days to several weeks. Consequently, if there had been a 
short burst in JA at the beginning of herbivore treatments, we would not have detected it. 
However, the trend of higher JA in damaged plants of Inga species suggests that there 




The induced resistance hypothesis predicts a trade-off between constitutive and 
induced defenses based on herbivore pressure (Herms and Mattson 1992, Zhang et al. 
2008). Because tropical forests are under higher herbivore pressure than temperate forests 
(Coley and Aide 1991), it is thought that they should rely more on constitutive defenses 
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(Van Zandt 2008). Here we have demonstrated that, while species in one tropical tree 
genus can induce their defenses, it is a relatively small increase. Furthermore, we 
demonstrate a trade-off between induced and constitutive defenses among closely related 
species based on the probability of attack from herbivores. This is one of a few reports to 
examine induced defenses in tropical forests and, to our knowledge, is the first to report 
on induced responses for a wide variety of defensive traits in tropical young leaves.  
Variation in defense strategies among tree species may allow coexistence in 
diverse tropical forests despite similar growth habits, reproductive strategies, and 
microhabitats. The arms race between trees and their pests/herbivores can exert selective 
pressure that may drive divergent evolution and may promote coexistence (Becerra 2007, 
Becerra et al. 2009, Kursar et al. 2009). Implicit in this hypothesis is a genotypic 
difference in defense traits among closely related, sympatric species. However, because 
plants are known to be extremely plastic in their responses to the environment it is 
important to separate species-level variation from phenotypic plasticity (Ballhorn et al. 
2011). Here we show that the variation in defense traits among species of Inga is far 
greater than the phenotypic response to changing biotic and abiotic factors. This suggests 
that divergent defenses within Inga are species-level differences and are not the result of 
plastic responses such as induction. Furthermore, it supports the hypothesis that the 
divergence in antiherbivore traits and therefore escape from herbivores may be one 
important mechanism that permits the coexistence of many tree species in tropical 
forests. 
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Table 3.1. ANOVA table for phenolics, saponins, and tyrosine.  The table includes main 
effects and interactions.  Plant species was used as a blocking variable to remove 
variation due to different natural history traits. * P<0.05, **P<0.01, ***P<0.001 
Factor Df Sum Sq Mean Sq F-value P-value 
Phenolics          
Herbivore presence 1 0.02185 0.021845 9.8848 < 0.01 ** 
Ant presence 1 0.002 0.002003 0.9064 0.344 
Canopy 1 0.0035 0.003496 1.582 0.212 
Young leaf size 1 0.03167 0.031673 14.3316 < 0.001 *** 
Young leaf expansion rate 1 0.03337 0.033367 15.0981 < 0.001 *** 
Inga species (Block) 2 0.62103 0.310515 140.5052 < 0.001 *** 
Herbivore presence X Ant presence 1 0.00313 0.003128 1.4154 0.238 
Ant presence X Canopy 1 0.00716 0.007164 3.2414 0.075 
Herbivore X Young leaf size 1 0.00273 0.002726 1.2334 0.27 
Herbivore presence X Expansion rate 1 0.01048 0.010477 4.7406 < 0.05 * 
Ant presence X Expansion rate 1 0.00309 0.003089 1.398 0.24 
Young leaf size X Expansion rate 1 0.01718 0.017176 7.7721 < 0.01 ** 
Young leaf size X Inga species 2 0.02055 0.010273 4.6485 < 0.05 * 
Ant presence X Canopy X Expansion 
rate 
2 0.01134 0.005668 2.5646 0.083 
Herbivore presence X Young leaf size X 
Expansion Rate 
1 0.01813 0.018132 8.2044 < 0.01 ** 
Canopy X Young leaf size X Expansion 
rate 
2 0.00607 0.003036 1.3736 0.259 
Saponins      
Herbivore presence 1 0.000009 0.000009 0.011 0.917 
Ant presence 1 0.00205 0.002051 2.4817 0.123 
Canopy 1 0.06724 0.067236 81.3444 < 0.001 *** 
Young leaf size 1 0.01566 0.01566 18.9462 < 0.001 *** 
Inga species (Block) 1 0.27048 0.270483 327.2416 < 0.001 *** 
Herbivore presence X Ant presence 1 0.00372 0.003723 4.5043 < 0.05 * 
Young leaf size X Inga species 1 0.00462 0.004616 5.5841 < 0.05 * 
Tyrosine      
Herbivore presence 1 0.03724 0.037235 14.4512 < 0.01 ** 
Ant presence 1 0.00011 0.000109 0.0423 0.839 
Canopy 1 0.08868 0.088677 34.416 < 0.001 *** 
Young leaf size 1 0.02836 0.028362 11.0076 < 0.01 ** 
Herbivore presence X Ant presence 1 0.01415 0.014147 5.4907 < 0.05 * 
Herbivore X Young leaf size 1 0.00715 0.007147 2.7738 0.111 
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Figure 3.1 Induced resistance hypothesis adapted from Karban et al. (1999). Under low 
herbivore pressure plants that invest in growth and reproduction (solid black line) are 
predicted to have a higher fitness than plants that invest in constitutive defenses (solid 
gray line) because of the assumed costs associated with defense. However, under high 
herbivore pressure, plants with defenses will have a higher fitness than plants without 
defenses. Many plants experience intermittent herbivore pressure and benefit from the 
ability to invest in growth when herbivore pressure is low and induce defenses only when 
herbivore pressure is high (dashed black line). Tropical young leaves are predicted to be 






Figure 3.2 Herbivore presence induced the phenolic fraction and tyrosine within the 
young leaves of four species of Inga: I. pezizifera, I. multijuga, I. umbellifera, and I. 
marginata. The y-axis is the percent dry weight (mg of fraction mg dry weight-1 of leaf) 
for three principal chemical defenses in Inga: (A) phenolics, (B) saponins, and (C) 
tyrosine. Open bars are individuals from which herbivores were excluded and solid bars 
are individuals to which herbivores were artificially added. The sample size for each 
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Figure 3.3 For the four Inga species (x-axis) there was no significant difference in 
jasmonic acid content (y-axis) when herbivores were present. There was a significant 
difference in JA content among Inga species (p<0.01). Open bars represent means for 
plants from which herbivores were removed, black bars represent plants to which 
herbivores were added, and the error bars are standard error of the mean. The sample size 
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Figure 3.4 Trade-off between investment in constitutive defenses and investment in 
inducible defenses. Constitutive baseline (open circles and dashed line) is the sum of the 
percent dry weight of all the chemical defense compounds and extrafloral nectar 
production rate (µg nectary-1 24 hours-1) for each species: I. multijuga, I. pezizifera, I. 
umbellifera, and I. marginata. Percent induced (filled squares and solid line) is the 
amount of chemical increase from control plants to treatment plants.  Expansion rate is 
the expansion rate of young leaves and calculated as 100*[e(ln(area2/area1)/time)-1]. 
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DEVELOPMENTAL CHANGES IN DIRECT AND INDIRECT DEFENSES IN  
 




Plant fitness is affected by herbivory, and in tropical forests, 70% of herbivore 
damage occurs on young leaves. Thus, in order to understand the effects of herbivory on 
tropical plant fitness, it is necessary to understand how tropical young leaves survive the 
brief, but critical, period of susceptibility. In this study we surveyed three species of Inga 
during young leaf expansion. Three toxic secondary metabolites (phenolics, saponins, 
and tyrosine), extrafloral nectar production, leaf area and extrafloral nectary area were 
measured at randomly assigned young leaf sizes. In addition, all defenses were compared 
for potential trade-offs during leaf expansion. No trade-offs were found, and the 
concentration of all defenses, except tyrosine, decreased during leaf expansion. We 
suggest that plants continued to increase phenolic and saponin content but at a rate that 
resulted in decreasing concentrations. In contrast, tyrosine content per leaf steadily 
increased such that a constant concentration was maintained regardless of young leaf 
size. Nectar production remained constant during leaf expansion, but, because young leaf 
area increased by 10-fold, the investment in extrafloral nectar per leaf area significantly 
decreased. In addition, nectary area did not change during leaf expansion and therefore 




These results demonstrate that the youngest leaves have the highest investment in 
multiple defenses, most likely because they have the highest nitrogen content and are the 




Herbivory has major impacts on plant fitness and indirect effects on the outcomes 
of other biotic interactions. In the understory of tropical moist forests, over 70% of a 
leaf’s lifetime herbivore damage occurs while it is young and expanding. Because young 
leaves are inherently less tough and more nutritious than mature leaves, they are 
particularly attractive to herbivores (Brunt et al. 2006, Yadav et al. 2010). Consequently, 
tropical plants invest an impressive amount of resources into young leaf defenses. 
Typically, chemical defenses alone comprise 10-50% of the dry weight of young leaves 
(Coley and Aide 1991, Coley and Barone 1996, Boege 2004, Massey et al. 2005, Brenes-
Arguedas et al. 2006, Lokvam et al. 2006). In addition, they invest in other indirect biotic 
defenses or physical defenses such as spines and hairs. Once leaves have reached their 
adult size, they become tough and low in nutrients, such that they are difficult for 
herbivores to consume. As a consequence, herbivory rates decrease to nearly zero (Kursar 
and Coley 2003).  Therefore, if herbivory affects tropical plant performance, it is 
important to understand how young leaves survive the brief, but critical, period of 
susceptibility. 
While developmental changes in defenses of tropical leaves have been examined 
in other studies (Heil et al. 2000, Brenes-Arguedas et al. 2006, Lokvam et al. 2006), few 




defenses are produced by a plant and directly impact the performance of an herbivore and 
reduce future herbivory. Common examples are toxic chemicals or trichomes. In contrast, 
indirect defenses rely on an external agent to reduce herbivore performance and 
consequently future herbivore damage (Kost and Heil 2008). Common examples of 
indirect defenses are volatile organic compounds that attract predators or parasitoids of 
herbivores and extrafloral nectaries that attract ants that act as bodyguards. The optimal 
defense hypothesis predicts that plants only invest in a subset of defenses because they 
are costly and resources are limited (Rhoades 1979). Therefore a trade-off among 
defenses would exist, which could take place spatially or temporally at different 
developmental stages. For example, ant bodyguards may be more effective than toxic 
compounds when leaves are small and easily patrolled, but, less effective than toxic 
compounds when leaves are large. However, it is also possible that defenses are additive 
and that the complete suite of different defenses is required to effectively protect a plant 
against a diversity of potential herbivores. 
In this study we examine the relative investment in direct and indirect defenses 
during young leaf expansion in three Neotropical tree species in the genus Inga 
(Fabaceae) on Barro Colorado Island, Panama. At the genus level, Inga has a diverse 
array of toxic chemical defenses (Lokvam et al. 2004, Coley et al. 2005, Lokvam and 
Kursar 2005, Brenes-Arguedas et al. 2006, Lokvam et al. 2006). Most species of Inga 
also have extrafloral nectaries that produce nectar and use ant protection to varying 
degrees (Koptur 1984, 1985, Brenes-Arguedas et al. 2006, Bixenmann et al. 2011).  
Extrafloral nectaries in Inga are located on the rachis between leaflets pairs and only 




investment in extrafloral nectar production and extrafloral nectary structures relative to 
young leaf area during leaf expansion. In addition, we examined the investment in toxic 
secondary metabolites and compared the response variables for trade-offs. Recognizing 
the extensive divergence in the defense traits among species of Inga, we compared the 




Field research was conducted on Barro Colorado Island (BCI), Panama from May 
to July 2007 and 2008. BCI is located in the Panama Canal (9°N 80°W) and is 
administrated by the Smithsonian Tropical Research Institute. The island is a tropical 
moist lowland forest that experiences a 4-month dry season (January to April) (Holdridge 
et al. 1971, Croat 1978, Leigh 1999). For Inga, most young leaves are produced during 
the rainy season (Coley and Kursar pers. observ.). This is also the season that herbivores 
and their predators are most abundant in both gaps and understories (Richards and 




The young leaves of three focal Inga species (I. marginata, I. multijuga, and I. 
umbellifera) were selected and monitored along the trails of BCI. One branch per 
individual tree between 1 and 4 meters tall was sampled. No manipulative treatments 
were applied to any of the plants, but each focal plant was sampled at a randomly, 
preassigned young-leaf size and care was taken to sample evenly from plants in light gaps 




calculate young-leaf age expressed as percent of mature leaf size (area of young leaf/area 
of mature leaf).  Extrafloral nectar and leaf samples were collected in tandem and were 
vacuum dried and stored at -20°C until they were prepared for analysis (see below). 
Individual leaves were not sampled more than once to avoid potential effects of induced 
defenses on the remaining tissue. 
 
Leaf and extrafloral nectary area 
 
Each time a focal leaf was visited, the leaf was photographed with a scale (Figure 
4.1). The leaf was oriented perpendicular to the lens of the camera with the entire leaf 
blade in the same plane. We used NIH ImageJ (http://www.rsb.info.nih.gov/ij/) to 
calculate the absolute young leaf area (cm2), area lost to herbivores (cm2), and the 
absolute nectary area (cm2). In addition, we calculated percent damage (area of herbivore 
damage/absolute young leaf area), relative extrafloral nectary area (absolute nectary area/ 
absolute young leaf area), and percent adult size (absolute young leaf area/absolute 
mature leaf area) by using mature leaves from each focal plant. 
 
Extrafloral nectar production 
 
To collect extrafloral nectar from the young leaves, nectaries were first washed 
with distilled water to remove accumulated nectar. Then the entire leaf was placed in a 
plastic bag to prevent rain or insects from removing nectar. We did not use mesh bags 
because they would not have prevented disturbance by rain. While plastic bags may 
influence temperature and humidity, the bags were not air tight and samples were 
collected mostly in the shaded understory and during the rainy season when air 




observed in either habitat (gap or understory), indicating no significant heat difference 
between the inside and outside of the bag. After 24 hours, extrafloral nectar was collected 
and its volume measured using microcapillary tubes (initial collection). To collect any 
residual nectar, one microliter drops of distilled water were placed on nectaries, collected, 
and added to the initial collection. The nectar was collected into glass GC vials, dried 
under vacuum and frozen at -50°C until analysis. 
An HP 6890 gas chromatograph with a DB-1 capillary column and FID was used 
to identify and quantify the sugars in the nectar. The majority of the components in the 
nectar were the sugars fructose, glucose, and sucrose. The dried nectar samples were 
dissolved in 50µL of pyridine. Due to the polarity of sugars, samples were derivatized by 
adding 50µL of BSTFA with 1% TCMS to the pyridine solution and allowed to sit for 10 
hours. External standards and calibration curves were used to identify and quantify the 
three sugars in the nectar. The total mass of the three sugars was summed for each sample 
and corrected by the number of nectaries per leaf over a 24 hour period (µg sugar/ 
nectary /24 hours) or by the leaf area over a 24 hour period (µg sugar/ cm2 /24hr). 
 
Secondary metabolite analysis 
 
We quantified two classes of secondary metabolites (phenolics and saponins) that 
are known to be toxic to herbivores based on previous feeding trials using extracts of 
Inga species and other reports on these compounds (Potter and Kimmerer 1989, Agrell et 
al. 2003, Coley et al. 2005). Secondary metabolites were extracted, separated and 
quantified gravimetrically. For I. marginata and I. multijuga, 70-80mg of sample were 




mixer at 46Hz for a totally of 3 minutes.  The grinding beads were removed and 1mL of 
80% ethanol was added and mixed. Samples were then centrifuged for 10 minutes at 
9055 RCF and 5°C. The supernatant was retained and the extraction was repeated a total 
of five times with 80% ethanol. The same process was repeated twice with 70% acetone 
and all collected supernatants were combined. Pellet and extract were dried under 
nitrogen, then under a vacuum (0.8 torr) at ambient temperature and weighed.  
Three mL of 60% methanol and 3mL of hexane were added to each sample 
extract vial to remove lipids. Vials were shaken and allowed to settle. Once two distinct 
layers formed, the lipid containing hexane layer was removed and placed in a preweighed 
vial, 3mL of hexane were added and the separation was repeated for a total of five times.  
Both the polar organic fraction and lipids were dried under nitrogen and then under a 
vacuum (0.8 torr) at ambient temperature and weighed.  
The polar organic fraction was separated on a preparatory liquid chromatography 
column packed with octadecylsilane (ODS). Columns were prepared by using 10cc  
syringes plugged with glass wool and filled with 1.9g of ODS.   Water-methanol 
solutions were used in the following concentrations: 5% MeOH (organic acids), 60% 
MeOH (phenolics), and 100% MeOH (saponins). Each fraction was collected separately 
into a labeled preweighed vial, dried under nitrogen, and then under a vacuum (0.8 torr). 
Fractions were quantified gravimetrically and HPLC was used to verify the class of 









Tyrosine and phenolics in Inga umbellifera 
 
Tyrosine is toxic at the high concentrations found in I. umbellifera (Lokvam et al. 
2006). In addition to its high concentration, the low solubility of tyrosine required a 
special extraction protocol. First, 25mg of dried leaf sample were homogenized using 
grinding beads in a 1mL Nunc Cryo Tubes™ and a Wig-l-bug® mixer at 46Hz for a 
totally of 3 minutes. The homogenized, dried leaf sample was extracted in 2mL of 10% 
MeOH (acidified with acetic acid to pH=3) for 20 minutes at 80°C. Samples were 
centrifuged at 13250 RCF and ambient temperature for 5 minutes. The resulting 
supernatant was retained and the extraction was repeated once more.  The combined 
supernatants were separated on preweighed Agilent SampliQ C18 solid phase extraction 
columns (500mg ODS). The supernatant was added to the prepared column and washed 
with an additional 2mL 10% MeOH (pH3). The 10% MeOH wash containing tyrosine 
was dried under vacuum (0.8 torr) and redissolved in 20mL of 10% MeOH. Samples 
were then separated on a Hitachi LaChrom Elite with an Omnisphere C18 250 x 2.0mm 
column with an isocratic gradient of 10% MeOH/90% HOH with 0.1% formic acid. 
Tyrosine was detected and quantified using a diode array detector and external calibration 
curves.  The SampliQ columns were dried and reweighed and the difference was 
considered to be the mass of the phenolic fraction trapped on the column. Inga 




We used analysis of covariance (ANCOVA) to test for significance because we 




nectar volume, absolute nectary area, relative nectary area, nectar production per nectary, 
nectar production per leaf area, percent phenolics, percent saponins, and percent tyrosine. 
The percent phenolics, percent saponins, and percent tyrosine were arcsine transformed 
to meet the assumptions of ANCOVA. In addition, absolute nectary area, average nectary 
area, nectary area per leaf area, and nectar production per leaf area were log transformed 
to meet the assumptions of ANCOVA. The same explanatory variables (young leaf size, 
percent damaged, plant species, and canopy cover) were used for each ANCOVA and 
nonsignificant parameters were removed from each model using the step function in R (R 
Development Core Team 2009). For tyrosine (in I. umbellifera) and saponins (in I. 
marginata), plant species was not used because they were each found in only one species. 
In addition, Pearson’s product-moment correlations were computed for all possible 




Extrafloral nectar and nectaries 
 
As young leaves expanded, the nectary area became an increasingly smaller 
proportion of the total leaf area (Figure 4.2a, F1, 76=150.41, R2=0.68, P<0.001). In 
addition, there was a difference in the ratio of extrafloral nectary area to young leaf area 
among species (F2, 76=8.48, P<0.001), but, average nectary area was not different among 
species, nor did it change during leaf expansion (Table 4.1). Similarly, nectar volume 
(µL/young leaf/24 hours) and nectar production per nectary (µg/nectary/24 hours) did not 
decrease as leaves expanded (Figure 4.2b), but nectar production per leaf area (µg/cm2/24 




P<0.001).  In addition, nectar volume (µL/young leaf/24 hours) was significantly 




There was a significant difference in phenolic concentration among species 
(Figure 4.3a, F2, 50=4.82, P<0.05) and phenolic concentrations decreased similarly for all 
species as leaves expanded (I. marginata = 67%, I. umbellifera = 37%, and I. multijuga = 
46%; Figure 4.3a, F1, 50=17.38, R2=0.35, P<0.001). Only I. marginata had saponins and 
the saponin concentration also decreased (51%) as young leaves expanded (Figure 4.3b, 
F1, 11=43.86, R2=0.50, P<0.001). Inga umbellifera was the only species that contained 
tyrosine and there was no significant relationship between tyrosine and leaf age or any of 
the other explanatory variables or other defenses (Figure 4.3c). The only significant 
relationship between response variables was a positive correlation between saponins and 




Nectaries were a substantial proportion of the youngest leaves and did not change 
size throughout leaf development. Investment in extrafloral nectaries early rather than 
late in leaf development could either be a developmental constraint or an adaptive trait. 
However, given that other tissues such as the rachis and leaflets expand considerably, 
physiological constraints on expansion of nectaries is unlikely.  Most likely, early 
investment in nectaries is advantageous. The nectaries on Inga are large and elevated and 
require an investment in tissue, suggesting a one-time construction cost that may be 




nectaries on many other species are much less developed and demonstrate that an 
investment in a structure is not required to attract ant bodyguards (Elias 1983). However, 
there are advantages to investing in nectary tissue: 1) nectar is less affected by 
environmental factors, 2) nectary parenchyma tissue can photosynthesize,  3) nectaries 
can be conspicuous and therefore act as a visual target to attract ants (Mondor and 
Addicott 2003, Pacini and Nepi 2007). While we do not know the adaptive significance 
of nectary tissue in Inga, the presence of this nonessential structure suggests an advantage 
to producing the tissue. Furthermore, an early one-time investment in the nectary 
structure may be adaptive when leaf tissue is the most susceptible, has the highest 
potential value, and requires the most defense. 
Since nectar concentration (µg sugar/µL nectar), nectar volume (µL/ leaf/24 
hours), and nectar production per leaf (µg/nectary/24 hours) did not significantly change 
during young leaf expansion, nectar production per leaf area (µg/cm2/24 hours) dropped 
considerably. In other words, the decrease in nectar production per leaf area was caused 
by leaf expansion rather than by a change in total investment in nectar. Because ants 
positively respond to higher nectar concentrations and nectar production per nectary 
(Bixenmann et al. 2011), the constant nectar production rate per nectary in this study 
suggests that the same number of ants will visit nectaries and patrol a leaf regardless of 
the leaf size. Thus, the area an ant would have to patrol to effectively reduce herbivory 
would become increasingly larger and dilute the effectiveness of the ant bodyguard.  
These results highlight the important difference between total defense investment per leaf 





Phenolics and saponins were most concentrated in the youngest leaves (~29% 
DW), suggesting that defense at this stage is important. Furthermore, both phenolic and 
saponin concentration decreased as leaves expanded. This may be because: 1) investment 
in phenolics and saponins happened as the young leaf was formed and were then diluted, 
or 2) phenolics and saponins were continuously synthesized during young leaf expansion, 
but, at a rate that still resulted in a decrease in concentration. Brenes-Arguedas et al 
(2006) found that flavanoid content (a class of phenolics) increased throughout leaf 
expansion in I. goldmanii and during the first half of leaf expansion in  I. umbellifera. 
However, the flavanoid concentration during leaf expansion decreased for both species, 
by 44 and 65% respectively, despite the continued investment in phenolic content.  In the 
present study the total phenolic concentration decreased by half during leaf expansion 
despite a tenfold increase in leaf area. This suggests that total phenolic content increased 
during leaf expansion but at a rate that resulted in decreasing phenolic concentration. 
Similarly, saponins in I. marginata decreased by almost half (49%) while the leaf area 
increased nearly nine-fold.  Despite the continued synthesis of phenolics and saponins 
during leaf expansion, the concentration in the youngest leaves was still 50% higher than 
the concentrations of older leaves near the adult size. Thus, it appears young leaves are 
physiologically able to synthesize phenolics and saponins during leaf expansion but do 
not maintain the same concentration throughout development. This suggests that there is 
an adaptive significance to investing relatively more defense to younger, smaller leaves.   
Tyrosine concentration had no relationship with young leaf size and remained at 
7% of leaf dry weight throughout development. This indicates that the total tyrosine 




concentration. Indeed, Lokvam et al. (2006) also showed that total tyrosine content in I. 
umbellifera increased to maintain a constant concentration until the leaf matured, at 
which point tyrosine was almost completely removed. The continual investment in 
tyrosine during leaf expansion and its subsequent removal from mature leaves suggest 
that tyrosine is metabolically labile and can therefore be reallocated to other tissue. 
Therefore, an increasing investment in tyrosine during leaf expansion would not be a lost 
investment, as it is removed from mature leaves when they become effectively defended 




Nitrogen content is the highest in young leaves and decreases during leaf 
expansion (Kursar and Coley 2003). High nitrogen content makes young leaves more 
nutritious for herbivores, but also more valuable to the plant. In addition, the proportion 
of tissue lost as a young leaf, becomes a larger proportion of the mature leaf as it expands 
(Hunt et al. 1995). Therefore the youngest leaves should invest relatively more in 
defense. In this report we demonstrate that indeed plants do invest relatively more in 
nectary tissue, extrafloral nectar production, and defensive chemistry (except for 
tyrosine) in the youngest leaves. Furthermore, the early investment in all defenses and the 
lack of any negative correlations among defenses suggest that there is not a trade-off 
among defenses but rather, an additive effect resulting in better protection for the 
youngest leaves. Furthermore, the decrease in phenolic concentration (50%) during 
normal young leaf expansion in Inga is over twice the amount that young leaves can 




leaves appears to be more critical than protecting the same leaves in the future. While the 
optimal defense hypothesis predicts trade-offs between investments, it also predicts that 
more valuable tissue will be defended more thoroughly (McCall and Fordyce 2010). 
Therefore, our results suggest that young leaves of tropical trees, especially the youngest 





Table 4.1 ANCOVA table for the response variables. Models started with all factors and 
were reduced using “step” in R.   
Source           Df   Sum Sq  Mean Sq  F-value P-value 
Volume           
Plant species 2 261.24 130.619 5.979 P<0.010 
Residuals 67 1463.69 21.846   
log(Average Nectary Area)           
Plant species x Gap 5 6.7115 1.3423 6.262 P<0.001 
Residuals 74 15.8633 0.21437   
log(Nectary area/Leaf area)           
Leaf expansion 1 176.785 176.785 150.414 P<0.001 
Plant species 2 19.928 9.964 8.478 P<0.001 
Residuals 76 89.324 1.175   
Nectar production (µg sugar/nectary/24 hr)           
Plant species 2 639559 319780 2.271 0.111 
Residuals 69 9714596 140791   
log(Nectar prodcution (µg sugar/cm2/24 hr) )           
Leaf expansion 1 111.67 111.671 34.432 P<0.001 
Residuals 70 227.03 3.243   
Phenolics (mg/mg)           
Leaf expansion 1 0.14351 0.143513 17.379 P<0.001 
Plant species 2 0.07976 0.039880 4.829 P<0.050 
Residuals 50 0.4129 0.008258   
Saponins (mg/mg)           
Leaf expansion 1 0.017516 0.0175160 43.861 P<0.001 
Percent damage 1 0.0044131 0.0044131 11.051 P<0.010 
Gap 1 0.0065342 0.0065342 16.362 P<0.010 
Residuals 11 0.0043929 0.0003994   
Tyrosine (mg/mg)           
Leaf expansion 2 0.000102 0.000102 0.011 P<0.918 






Figure 4.1 The ratio of extrafloral nectary to leaf area significantly decreases as young 
leaves expand.  Nectary area does not change during leaf expansion, but leaf area does. 
White arrows point to extrafloral nectaries on leaves less than 25% (left) and greater than 
80% (right) of adult size on I. multijuga (A and B) and I. marginata (C and D). Scale bars 






Figure 4.2 Nectary area and nectar production per leaf area decrease as leaves expand. 
The ratio of nectary area to leaf area for I. marginata (filled circles and solid line), I. 
multijuga (grey circles and dashed line), and I. umbellifera (open circles and dotted line) 
significantly decreased as leaves expanded (A; F1, 76=150.41, R2=0.68, P<0.001) and the 
mean nectary area/ leaf area was significantly different among species (F2, 76=8.48, 
P<0.001). There was no change in nectar production per nectary for any species (B, NS), 
but nectar production per leaf area significantly decreased for all species (C; F1, 70=34.43, 
R2=0.32, P<0.001). Because nectar production for all three Inga species responded 






Figure 4.3 Phenolics and saponins decrease as young leaves expand. Phenolic 
concentration for I. marginata (filled circles and solid line), I. multijuga (filled triangles 
and dashed line), and I. umbellifera (open circles and dotted line) significantly decreased 
as leaves expanded (A; F1, 50=17.38, R2=0.35, P<0.001) and phenolic concentration was 
significantly different among species (F2, 50=4.83, P<0.001). Saponins were only present 
in I. marginata and significantly decreased as leaves expanded (B; F1, 11=43.86, P<0.001, 
R2=0.50). There was no relationship between tyrosine and leaf expansion in I. 







Figure 4.4 Correlations among response variables. There was no significant relationship 
between nectar production and phenolics (A), saponins (B), or tyrosine (C). However, 
there was a significant correlation between saponins and phenolics (D; P<0.001, 
R2=0.81).  But, there was no significant relationship between phenolics and tyrosine (E). 
Responses are for I. marginata (filled circles and solid line), I. multijuga (grey circles), 
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